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Abstract
We study the effect of Stacking Fault Energy (SFE) on the deforma-
tion behaviour of copper and copper-aluminium alloys using Molecular
Dynamics (MD) simulation. We find that both yield stress and the mag-
nitude of stress drop at yield decrease with increasing Al content. This
anomalous softening behaviour is explained on the basis of nucleation
controlled yielding behaviour. Further, the decrease in stress drop is ra-
tionalised in terms of the stored energy available at yielding we show that
this decreases with increasing Al. As a result, the maximum dislocation
density is found to decrease with increasing Al content.
1 Introduction
We are interested in studying the effect of Stacking Fault Energy (SFE) on
deformation of single crystal fcc materials. Several Molecular Dynamics (MD)
studies have been carried out to investigate the effect of SFE on plastic de-
formation in fcc metals [1–4] and alloys [5–10]. Of the studies on alloys, gold
alloys are studied by nano-indentation [5], the studies on Ni-base superalloys
are with specific reference to dislocation-solute interactions [8]; the studies on
alloyed aluminium [6], Cu-Ag [9] and Cu-Pb [7] systems are on nanomaterials.
Rajgharia et. al [10] have studied the effect of solute addition on tensile defor-
mation of Cu-Sb single crystals; however, the amount of solute added and the
corresponding change in SFE are very small (upto 2 at% and about 1 mJ/m2,
respectively). Our interest is to study the effect of a large change of SFE with
alloying addition on tensile deformation in fcc single crystals (albeit simulated
using periodic boundary conditions).
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We have chosen Cu-rich Cu-Al alloys (specifically, Cu-4.59at.%Al, Cu-8.94at.%Al
and Cu-13.07at.%Al alloys) as the model system for our MD studies because
the alloy remains as a single phase fcc upto about 13 at. %Al [11] and the SFE
varies from about 43 mJ/m2 for pure copper to about 6 mJ/m2 for nearly 13
at.% Al alloy [12–16].
We find that in the nucleation limited systems, decreasing SFE with increas-
ing solute content the onset of plastic deformation takes place at lower and lower
stresses and the magnitude of the drop in stress at yield keeps decreasing. We
show that this is due to the increasing ease of nucleation of loops of partial
dislocations with decreasing SFE.
2 Simulation details
We have used LAMMPS [17] to carry out the MD simulations (of tensile de-
formation) using the Embedded Atom Method (EAM) potentials of Zhou and
Ward [18]. All simulations are carried out at 300 K and 0 Pa (using an NPT
ensemble); the temperature and pressure are maintained using Nose´-Hoover
thermo- and baro-stats respectively. The temperature is ramped from 100 K to
300 K for the simulations.
We have used a simulation box of 30 × 30 × 30 unit cells (108000 atoms)
along x, y and z axes with periodic boundary conditions in all three directions;
the x, y and z axes of the simulation cell are oriented along [100], [010] and [001]
crystallographic directions respectively and the loading is done along the z-axis.
After several trials, we have found that a strain rate of 108 s−1 is optimal since
it leads to the required strains after about 15 million time steps and does not
result in unphysical fluctuations in the stress-strain plot. The reported values
of elastic moduli, yield stress, and drop at yield point, are based on an average
of three simulations.
We have calculated the components of the stiffness tensor (that is, C11, C12
and C44 since we are working with a cubic system) and lattice parameters for
pure Cu and the Cu-Al alloys at 300 K. The elastic constants are calculated using
the change box command of LAMMPS as indicated in the solved example [19],
and the values are given in Table. 1 along with the lattice parameters.
The microstructures and dislocation structures are analysed using Ovito [20].
Table 1: Lattice parameter (a) and the elastic constants (C11, C12 and C44) of
Cu and Cu-Al alloys.
System a (A◦) C11 (GPa) C12 (GPa) C44 (GPa)
Pure Cu 3.612±0.0 201.34±0.00 126.11±0.00 79.52 ±0.00
Cu-4.59at.%Al 3.626±0.0 160.83±0.40 121.86±0.07 69.59±0.25
Cu-8.94at.%Al 3.639±0.0 153.23±0.20 119.93±0.09 64.49±0.14
Cu-13.07at.%Al 3.652±0.0 145.87±0.47 117.02±0.52 59.83±0.82
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Figure 1: (a) Stress-strain response of Cu and Cu-Al alloys, black dotted lines
show the yield point and black arrows show the amount of drop in stress at
yield point. (b) Linear portion of the stress strain plot.
Table 2: Variation of yield stress, drop in stress (∆σ) and Youngs modulus (E)
for Cu and Cu-Al alloys
Material σy (GPa) ∆σ (GPa) E (GPa)
Cu 6.58±0.02 6.08±0.02 53.07±0.16
Cu-4.59at.%Al 5.29±0.04 4.22±0.18 50.69±0.24
Cu-8.94at.%Al 4.13±0.16 3.29±0.20 47.83±0.30
Cu-13.07at.%Al 3.52±0.05 2.45±0.60 45.85±1.59
3 Results and discussion
In Fig. 1, we show the stress-strain response for pure Cu, and Cu-4.59at.%Al,
Cu-8.94at.%Al and Cu-13.07at.%Al alloys. In the inset, we also show the initial
portion of the stress-strain plots from which it can be seen that the Young’s
modulus (E) decreases with increasing Al concentration; that is, the alloys are
becoming less stiff with increasing Al. In the figure, in all plots, we have marked
the first abrupt drop in stress by black dotted lines. At this point, as we show
below, the onset of platicity by nucleation of dislocation loops is seen. Hence,
we call this stress as the yield stress, σy. The yield stress values decrease with
increasing Al; further, the amount of drop in stress (indicated by black arrows)
also decreases with increasing Al. In Table. 2, we have listed these yield stresses
and the magnitude of drop in stress at these points. In other words, the addition
of aluminium makes the material not only compliant but also soft.
3
3.1 Reasons for decreasing ∆σ
It is easier to explain as to why ∆σ decreases with increasing Al. As the Al at.%
increases, the alloys become more compliant; in addition, as we show below, it is
also easier to initiate plastic deformation in them because of the reduced SFE;
hence, they store relatively less elastic energy. We have calculated the slope of
the stress-strain curves as the Youngs modulus (E). Based on these moduli,
we have calculated the elastic energy as σ2y/2E where σy is the yield stress. As
shown in Fig. 2, the stored elastic energy at yield decreases with increasing Al.
So, at the yield point, with increasing Al, the system has less and less energy
to release in the form of dislocations; and, thus, the dislocation densities are
expected to decrease with increasing Al content. In Fig. 2, we have also plotted
the dislocation density after the first drop and this is indeed the case.
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Figure 2: Variation of elastic energy and total dislocation density with Al.
3.2 Reasons for decreasing σy
Conventionally, the addition of a solute is expected to increase the yield stress
in alloys [21–23]. In our case, we see an anomalous behaviour – namely, “solid
solution softening”. We show below that this “softening” is due to the ease of
formation of partial loops with increasing Al - because it leads to decreasing
SFE.
Figures. 2.a-d, show the dislocation structure at the yield point for Cu and
Cu-Al alloys. As is clear from these figures, in all cases, Schockley partial loops
are formed. As a matter of fact, near the yield point, the ratio of the length of
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Figure 3: Nucleation of Shockley partial loop in (a) pure Cu, (b) Cu-4.59 at.%
Al, (c) Cu-8.94 at.%Al and (d) Cu-13.07at.%Al. The ratios of the length of
Shockley partial dislocations (LS) to the length of total dislocations (LT ) near
the drop for Cu, Cu-4.59 at.% Al, Cu-8.94 at.%Al and Cu-13.07at.%Al are
0.967±0.024, 0.997±0.005, 1.0±0.0 and 0.991±0.01 respectively.
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Shockley partial dislocations (LS) to total dislocation length (LT ) is found to
be 0.95.
Given the predominance of Schockley partial dislocations in our MD sim-
ulations, we have used the continuum model proposed by Aubry et al [24] to
estimate the stress required for the homogeneous nucleation of dislocation loops.
In this model, the energy required for homogeneous nucleation of a partial dis-
location loop (Enuc) is given as follows:
Enuc(τ) = −bτA+ γSFEA+ 2piRµb
2
8pi
{
2− ν
1− ν
[
ln
(
8R
r
)
− 2
]
+ 0.5
}
, (1)
where µ is the shear modulus (C44), R the radius of the dislocation loop, A
the area of the dislocation loop, b the Burgers vector of the Shockley partial
( 16 [112¯]), ν the Poisson’s ratio, r the dislocation core radius, γSFE the stacking
fault energy and τ the applied shear stress. In Eq. 1, the first term is the elastic
energy dissipated by the nucleation of a dislocation loop; the second term is
the energy of the stacking fault created by the (partial) dislocation loop; and
the third term is the elastic energy of the loop. The energy barrier for the
dislocation nucleation is zero when the energy dissipated is equal to the sum
of the energy of the (partial) dislocation loop and the stacking fault created by
the loop. Therefore, the shear stress required for dislocation nucleation τnucis
obtained by equating Eq. 1 to zero:
τnuc =
µb
4piR
{
2− ν
1− ν
[
ln
(
8R
r
)
− 2
]
+ 0.5
}
+
γSFE
b
(2)
Note that in deriving the above expression, we have replaced A by piR2. Re-
placing µ by C44 and ν by
C12
C11+C12
, Eq. 2 becomes:
τnuc =
C44b
4piR
{
2C11 + C12
C11
[
ln
(
8R
r
)
− 2
]
+ 0.5
}
+
γSFE
b
. (3)
To evaluate the above expression, we have used the γSFE values reported in
the literature and listed in Table. 3. The values of the elastic constants C11, C12
and C44 and the Burgers vector (through the lattice parameters) are calculated
using MD simulations and are listed in Table. 1. We have used the dislocation
core radius (r) and radius of the dislocation loop (R) as fitting parameters. The
τnuc values are calculated for (111) slip plane and
1
6 [112¯] Burgers vector.
The tensile stress corresponding to τnuc was calculated for [001] loading
direction using σnuc = τnuc cosφcosλ (where φ and λ are the angles made by
the slip plane normal and the Burgers vector, respectively with the loading
direction) and is given in column 4 of Table. 3. It is clear from the Table. 3
that, the tensile stress required for nucleation of partial dislocation decreases
with increasing Al. In Table. 3, we also show the yield stress obtained from the
MD simulations which agree fairly well with continuum calculations using the
fitting parameters of r = 3b = 0.442 nm and R = 2 nm. The variation of yield
stress with Al from the calculations and MD simulations is shown Fig. 4.
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Figure 4: Change in yield stress with Al addition, calculated using continuum
model [24] and obtained from MD simulations.
Table 3: Stress required for nucleation of partial dislocation with Burgers vector
1
6 [112¯] in (111) plane for loading along 〈001〉 direction; σnuc is calculated from
the continuum model and σy is obtained from MD simulations.
Material γSFE τnuc σnuc σy
Cu 43 [16] 2.47±0.0 5.24±0.0 6.58±0.016
Cu-4.59%Al 25 [12] 2.16±0.01 4.58±0.02 5.29±0.04
Cu-8.94%Al 13 [12] 1.95±0.0 4.14±0.01 4.13±0.16
Cu-13.07%Al 6 [12] 1.78±0.02 3.78±0.05 3.52±0.05
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Solid solution softening has been reported in MD simulations of Cu-Pb sys-
tem by Rupert [7], Cu-Ag system by Amigo et al [9], and Cu-Sb system by
Rajgarhia et al [10]. Rupert reports that in nanocrystalline materials yield
strength is proportional to the Young’s modulus similar to the metallic glasses,
and since the addition of Pb to Cu reduces the Young’s modulus, the mate-
rial shows softening behaviour. But our studies are on single crystals where no
sources of dislocations such as grain boundaries exist; and so his explanation is
not relevant for the system under study. Amigo et al and Rajgarhia et al [9, 10]
find that the local strains created by the solute atoms lead to the heterogeneous
nucleation of dislocations in their vicinity. However, in our study, we find nu-
cleation both at Al sites and away from Al sites (even in systems with 4.93 and
8.94 at.% Al cases) – see Fig. 5; thus, we see both homogeneous and heteroge-
neous nucleation of dislocations and hence, the softening in our case can not be
attributed to heterogeneous nucleation alone. Interestingly, we have found that
in those studies in which the SFE of copper and aluminium was changed by
using different interatomic potentials, as the SFE is decreased, the deformation
is dominated by partials [1, 2]; specifically, in the case of copper bicrystals, the
same trend, namely decrease in yield stress with decreasing SFE is observed.
(a) (b)
Figure 5: Nucleation of Shockley partials (shown in green – using dislocation
analysis (DXA) of Ovito) in (a) Cu-4.59 at.% and (b) Cu-8.94 at.%Al systems.
The blue circles are the Al atoms; for the sake of clarity, copper atoms are
not shown. As is clear from the figure, both homogeneous and heterogeneous
nucleation are seen.
4 Conclusion
The role of stacking fault energy on the deformation behaviour of Cu rich Cu-
Al alloys, where SFE decreases with increasing Al content, is studied using
molecular dynamics simulations. Since SFE decreases, it is easier for the system
to nucleate partial dislocations; therefore, yield occurs at lower applied stress
with increasing Al content. Because of decreasing Youngs modulus and yield
8
stress, the system stores less elastic energy and hence the dislocation density
decreases with Al addition. The yield stress values obtained from the simulations
agree fairly well with the stress required for homogeneous nucleation of partials
calculated using a continuum model.
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